T here are many differences in fluoroscopy-guided lumbar puncture (FG-LP) technique among radiologists (1). Even within the same institution, there are a variety of individual preferences among physicians with different perspectives based on a combination of literature familiarity, training, and personal experience. Our aim is to provide familiarity with various techniques involved in FG-LP, improve efficiency, and improve patient outcomes. We will also address possible controversial issues regarding FG-LPs using an evidence-based approach.
In an average adult, there is 150 cc of CSF within the subarachnoid spaces of the brain (75 cc) and spine (75 cc) (3, 4) . The production rate of CSF is about 500 cc/day, which amounts to 3-4 times the total volume (3) with a production rate of about 0.35 cc/min or 20 cc/h. That means if 10 cc of CSF is collected during an LP in a healthy normally hydrated patient, that amount should be replaced in about half an hour.
The normal range of CSF opening pressure (CSF-OP) is between 6 and 20 cm H 2 O. A pressure of <6 cm H 2 O is indicative of low intracranial pressure, and a pressure of >25 cm H 2 O indicates idiopathic intracranial hypertension, also known as pseudotumor cerebri (3, 5, 6) .
The needle path during an LP is illustrated in Fig. 1 . Within the spinal canal, the dura-mater is the thick outer membrane of the thecal sac. The web-like arachnoid membrane is avascular and lies directly beneath, but is not attached to, the dura-mater. Within the subarachnoid space, the spinal cord tapers to the conus medullaris, ending usually between T12 and L2. FG-LP should be performed below the conus, using prior imaging as a guide, when available. The nerve roots extending below the conus grossly resemble a horse's tail, cauda equina in Latin (Fig. 2) . The needle might touch these nerve roots during an FG-LP, potentially causing an electrical sensation in the corresponding dermatome.
The space between the outer margins of the vertebral canal and the thecal sac is the epidural space which contains fat and blood vessels. The subdural space is a potential space between the dura and arachnoid-mater which might enlarge if CSF or blood leaks into this space or might be iatrogenically filled with contrast during a myelogram. The subarachnoid space is the CSF-filled anatomic space deep into the arachnoid-mater (Fig. 2) . Familiarity with the appearance of the lumbar vertebrae on anteroposterior (AP) and oblique fluoroscopic views is of utmost importance while planning the needle trajectory (Fig. 3) .
Preprocedure patient assessment
The indications, contraindications, and relative contraindications for the procedure are summarized in Table 1 (7) (8) (9) . Prior to the procedure, the radiologist must answer these following questions: What is the indication? Are there any contraindications? Why do we need fluoroscopy? Has someone else already tried and failed? What is the coagulation status? Is there prior brain and/or spine imaging? Is the patient medically stable? Can the patient give consent? If not, is there someone else eligible to give consent? Is there any possibility of pregnancy? Do we need sedation?
For a diagnostic FG-LP, the radiologist should be aware of which laboratory tests will be performed on the obtained CSF. Usually, 10 cc of CSF is adequate for routine laboratory evaluation. However, specific tests may require additional tubes. For instance, at least 5 cc of CSF in one tube is required for M. tuberculosis culture or flow cytometry studies at our institution. Of course, laboratory protocols may differ; therefore, one should be familiar with their institutional standards.
Absolute contraindications Coagulopathy, anticoagulant agents and antiplatelet agents
Several literature sources cite an INR >1.5 or platelet counts <50 000/μL as an absolute contraindication for LP (7, 10, 11) . According to the ACR-ASNR guidelines for myelography and cisternography, "historical or laboratory evidence of bleeding disorder or coagulopathy" is cited as a relative contraindication (9) . In 2012, The Society of Interventional Radiology prepared a consensus guideline in which LP was classified as category 2, which includes procedures with moderate bleeding risk, and an INR <1.5 and platelet counts >50 000/ μL are recommended (12) . In that consensus, one study from 1982 was referenced in which significant spinal subarachnoid hematomas had developed in two of 13 patients with platelet counts <20 000/μL after LP and possibly led to patient death
Main points
• There are many differences in fluoroscopy-guided lumbar puncture (FG-LP) technique among radiologists.
• <6 cm H 2 O is indicative of low intracranial pressure; >25 cm H 2 O indicates idiopathic intracranial hypertension.
• In general, FG-LP is a very safe procedure when good sterile technique is performed.
• The most common complication of FG-LP is post-lumbar puncture headache (PLPH).
• Younger age, female gender, needle size, needle orientation, and stylet reinsertion are important factors impacting PLPH. Figure 1 . The journey of a needle during LP. From an interlaminar approach, starting from the skin (beige), the needle passes through the subcutaneous fat (yellow), posterior layer of thoracolumbar fascia (red dots), multifidus muscles/erector spinae muscles (encircled in red) adipose tissue around the muscles (encircled in yellow), ligamentum flavum (star), epidural space (triangle), dura mater/ arachnoid mater (white dots) and finally the subarachnoid space inside the thecal sac. From an interspinal approach, additionally the needle passes through the thicker supraspinous (*) and interspinous ligaments (arrowheads). (13) . However, these LPs were performed without imaging guidance. In a large retrospective study, 4309 LPs were performed on 959 children with acute lymphocytic leukemia, wherein 378 procedures were performed on patients with platelet counts <25 000/μL without significant bleeding complications. However, a higher incidence of traumatic LP associated with worsening thrombocytopenia was reported (14) . Another study of 75 LPs performed on patients with platelet counts <50 000/ μL did not identify any significant bleeding complications although reported a statistically significant increase in the occurrence of traumatic procedures in patients with the lowest platelet counts (15) . Based on these sources, it would be wise to proceed with an INR of ≤1. 5 Figure 2 . a-f. Normal MRI appearance of lumbar spine on T1-weighted image (a) shows CSF filled thecal sac (asterisk) surrounded by T1 hyperintense fatty epidural space (white arrows). On the corresponding axial T2-weighted image at L3 (b), the nerve roots of the cauda equina (white dashed arrows) are visible within the CSF filled thecal sac (asterisk). On axial images, the posterior epidural space is in triangular shape (white arrow). An example of inadvertent mixed epidural/subdural contrast injection during a myelography attempt (c). Although there is contrast dispersal on the lateral fluoroscopic image, CT (d) demonstrates opacification of the anterior epidural space at all levels and minimal posterior epidural enhancement at T12 (white arrow). Note there is also tapering subdural contrast at T12 and L1 (dashed arrow). No contrast is present in the subarachnoid space (asterisk). Another example of an attempted myelogram (e, f), showing inadvertent mixed subarachnoid-subdural contrast injection. Note the hypodense nonenhancing epidural fat (e, white arrows; f, black arrow). There is contrast within the subarachnoid space, but there is more hyperdense subdural contrast injection surrounding the thecal sac (e, dotted white arrow; f, dotted black arrows). uncommon to encounter a patient taking either an anticoagulation agent, an antiplatelet agent, or both. There are several excellent reviews which can serve as a guide to the interventionalist in following the best approach even in the setting of more recent anticoagulation medications or complex combinations of these drugs (12, (16) (17) (18) (19) . In Table 2 , we provide a summary of their findings, hoping to provide a simple approach for patients on anticoagulation and antiplatelet agents. Even in patients with normal coagulation parameters and no history of anticoagulation medication usage, rare hemorrhagic complications might still occur. Although, we have not identified a published case of an atypical hemorrhage following FG-LP, intracranial subdural hematoma, spinal epidural hematoma, and spinal subdural hematoma have been reported after non-image-guided LP (20, 21) .
Risk of cerebral/cerebellar herniations
LP might facilitate herniation in conditions with diffuse brain edema, mass effect, or increased intracranial pressure. The free flow of CSF caudally may create a negative pressure gradient from below, thus adding to the compression effects from above. If the patient is comatose, has papilledema, or if there is any other reason to be suspicious of an intracranial space occupying mass, a CT or MRI of the brain could be performed to exclude any potential for tonsillar herniation prior to the FG-LP (22) . In a cohort of 235 patients who had CT before LP, only 4 (2%) had a risk for downward herniation, and 2 (1%) eventually died due to increased brain edema and herniation in a week without undergoing LP (23) . An example of a case in which LP is contraindicated given a possibility of herniation is shown in Fig. 4 .
Relative contraindications

Seizure and allergy risk in myelography
Seizures were reported in 2 out of 1350 myelography procedures among non-epileptic patients using 10.2 grams of iopamidol for an incidence of 0.15% (24) . Another study reported only one seizure out of 1883 myelography patients after a cervical myelogram with FG-LP using iohexol for an incidence of 0.05% (25) . In one case report, a patient seized within minutes after myelography performed with 18 cc of 240 μg/mL iohexol and died despite appropriate emergent response (26) . Certain medications such as antipsychotics, antidepressants, and muscle relaxants lower the seizure threshold, and therefore it is recommended to discontinue these medications at least 24-72 hours before the procedure (9, 11, 27) . However, in some emergent cases, when the benefits outweigh the risk, one might consider proceeding without holding these medications preprocedurally after discussion with the referring provider and the patient. Table 2 . Guidelines for management of patients with coagulopathy and/or on anticoagulation/antiplatelet agents based on references (12, (16) (17) (18) (19) developing after the administration of iohexol into the subarachnoid space for a myelogram (28) . In a retrospective study of 1005 patients who underwent myelography using iopamidol, 50 had a history of possible allergy against iodine and iodine products, and none developed any adverse effects (29) .
Infection at the puncture site Rarely, an infection involving the skin and/or subcutaneous tissue overlying the puncture site might be encountered. One might also encounter an abscess or epidural infection within the lumbar spine which is only visible on imaging. In such cases, the puncture site and needle trajectory should be carefully planned to avoid contaminating the CSF and spreading the infection to the central nervous system. If there is no safe course via a lumbar approach, an image-guided transforaminal LP or a cervical puncture should be considered (30, 31) .
Medically unstable or uncooperative patient
When dealing with an unstable/uncooperative patient, the procedure might be performed under sedation using midazolam and/or fentanyl with appropriate oxygen support and continuous monitoring (32) . Rarely, general anesthesia may be necessary.
Complications/risks
Aside from the complications discussed above, the risk of infection, headache, CSF leak, radiation exposure, and some more unusual complications merit discussion.
Infection
Fortunately, infection is a very rare complication. A study from 1982 reported 8 cases of streptococcal meningitis developing within 24 hours after myelography (33) . In a large study, consisting of 2141 patients who underwent FG-LP, none of them developed a documented infection attributed to the procedure in the 48-72 hours after the FG-LP (25) . Most of the reported iatrogenic LP-related infections occurred in infants who had non-image-guided LP (34, 35) . In one case report, arachnoiditis developed 10 days after a diagnostic LP (36) . In general, FG-LP is a very safe procedure when good sterile technique is performed with appropriate skin preparation, sterile equipment usage, gloves, and proper hand washing.
Some hospitals and regulatory bodies require facemasks for standardization of infection control. While some authors also favor wearing masks for infection control due to a theoretical reduction in contamination (37, 38) . A small survey demonstrated that only 37.5% of the physicians wear facemasks during an LP (38) .
Headache and CSF leak
The most common complication of LP is post-lumbar puncture headache (PLPH). It typically occurs/worsens in the upright position and improves/resolves with lying down (39) . It usually starts within 24-48 hours after the LP and spontaneously resolves within days (39, 40) . The exact pathophysiology of PLPH is unclear. Presumably, it is related to lack of closure of the dural puncture site, leading to a persistent CSF leak and a resultant decrease in intracranial CSF volume and pressure (40) . Younger age and female gender have been identified as significant risk factors for PLPH (25, 39) . The volume of the CSF removed has not been identified as a risk factor for PLPH (39, 40) . On the contrary, in patients with idiopathic intracranial hypertension, large volumes of CSF (20-40 cc) can be removed to alleviate symptoms (41). The incidence of PLPH varies between 5.5% and 32% in non-image-guided LP with different techniques and instrumentation (39, 42) . A recent study reported PLPH in 2.2% of the 2141 FG-LPs; and only 0.8% (18 of the 48 with PLPH) underwent an epidural blood patch (EBP) within 48-72 hours (25) . At our institution, over a 3-year time period, we found a rate of 1.8% of patients, requiring EBP following FG-LP (43) .
Of the patients with PLPH, 72% have spontaneous symptom resolution within 7 days without any treatment (44) . Nonsteroidal antiinflammatory drugs might be useful for pain relief until the PLPH resolves. In cases with longstanding PLPH, EBP can be applied for the treatment of CSF leakage (45, 46) .
A recent Cochrane meta-analysis evaluating the role of bedrest and fluid intake after LP to prevent PLPH concluded that "there was no evidence suggesting that routine bedrest after dural puncture is beneficial for the prevention of PLPH onset. The role of fluid supplementation in the prevention of PLPH remains unclear" (47) . Another meta-analysis also concluded that "there was no evidence that longer bedrest after cervical or lumbar puncture was better than immediate mobilization or short bedrest in reducing the incidence of headache" (48) . Oral and intravenous caffeine has also been suggested for PLPH treatment; however, the supporting evidence is limited (49) .
Fortunately, there are some technical considerations that can be implemented to reduce the incidence of PLPH incidence. These will be discussed in more detail further below.
Technique
Here, the steps involved in performing an FG-LP are reviewed. Technical considerations that can be implemented to reduce the incidence of PLPH are also discussed. A typical LP tray is shown in Fig. 5 .
Patient position: prone vs. lateral decubitus
According to a large survey, 88% of the neuroradiologists prefer performing FG-LP with the patient in the prone position, while the remaining 12% preferred making the initial puncture with the patient in the lateral decubitus position (1). Although every radiologist has their own personal preference, some patients may not be comfortable in either the prone or lateral decubitus position. Furthermore, other issues such as the presence of surgical incisions, drainage catheters, respiratory equipment, or injuries might necessitate a particular position. Therefore, radiologists should be familiar with performing the procedure in either position.
The prone position is often considered to be an easier orientation which has the advantages of better anatomical visualization and relatively stable patient position less prone to motion. Ensuring the appropriate needle trajectory is also simplified without the effects of gravity weighing down the needle hub. Moreover, the C-arm is less obstructive, permitting the interventionalist to stand closer to the needle and the patient. allowing better visualization of the osseous spinal anatomy. The disadvantages are generally narrower interlaminar spaces and slower CSF flow. In fact, in patients with low CSF-OP, it may not be possible to achieve spontaneous CSF return.
In the lateral decubitus position, the patient can be more readily positioned with the lumbar spine in flexion. This technique promotes widening of the interlaminar spaces, and faster initial CSF flow. Some proceduralists also favor the lateral decubitus position when measuring CSF-OP. However, the effect of patient position on CSF-OP is limited, as discussed below.
Planning the needle trajectory and puncture
The most crucial part of the procedure is determining the initial needle puncture site and the needle trajectory. A carefully selected skin entry point can ensure an efficient use of time and minimize radiation exposure. If available, review of prior imaging can enable accurate numbering of lumbar-type vertebrae, identification of transitional segments when present, estimation of patency of the spinal canal, awareness of prior surgical change, and avoidance of potential fluid collections. Usually, the L2-3, L3-4 and L4-5 levels are preferred for puncture (1, 50). A higher position of the conus may permit performing the puncture at L1-L2. The likelihood of traumatic puncture at L4-5 is nearly double compared to L2-3 and L3-4, which could be due to increased degeneration in the lower spine (50). The L5-S1 level is often avoided due to its deeper anatomic location, preponderance for degenerative change, and typically narrower thecal sac.
A double-blinded randomized controlled study did not find any difference between the interlaminar and interspinal approaches with regard to the incidence of PLPH (51) . Interspinal approach is a common method in the absence of imaging guidance, given the ability to palpate the spinous processes (8, 51) . However, the needle will traverse additional layers comprised of the supraspinous and interspinous ligaments, which might be calcified especially in elderly patients. Furthermore, hypertrophic spinal processes might severely narrow the interspinal space.
While the interlaminar spaces are usually readily visualized in younger patients (Fig.  6 ), degenerative osteophytes, kyphosis, and scoliosis might obscure the interlaminar space in some cases. Rotating the C-arm image intensifier 5-10 degrees laterally and 5-10 degrees caudally usually results in good visualization of the interlaminar space; however, every patient's unique anatomy and position should be accounted for when determining the best approach. A metallic clamp can be used to mark the skin entrance point under fluoroscopic guidance (Figs. 7 and 8) . This region should then be sterilized and draped appropriately. The next step is injecting the local anesthetic along the projected needle trajectory, making certain to produce an adequate skin wheal. Amide agents are typically used, such as lidocaine or bupivacaine. Usually, 5 cc of local anesthetic is sufficient. Although these medications are generally safe, there is a <1% risk of an allergic reaction after subcutaneous lidocaine injection (52) . In the setting of a known allergy to lidocaine or bupivacaine, an ester agent such as tetracaine, chloroprocaine, or benzocaine might be used (53) . If these anesthetics are not available, diphenhydramine, an antihistamine, might be used as an alternative to obtain short-term local anesthesia (54) . In such instances, a 1% solution of diphenhydramine (10 mg/cc) can be prepared by mixing 10 cc of 5% diphenhydramine with 40 cc of saline to achieve the optimum effect (55) .
At our institution, Quincke needles are used for FG-LPs. These needles have a bevel. The notch at the needle hub points to the open side of the needle bevel. There are a few ways to guide a Quincke needle in a desired direction, as demonstrated in Fig. 9 .
The needle advances easily through the skin, subcutaneous fat and the muscles. When entering the thicker stiffer ligamentous structures, the interventionalist usually feels resistance, potentially accompanied by a slight bend or curve of the needle tip under fluoroscopy. That is a generally a sign that the needle is very close to the thecal sac and one may elect to switch to a lateral projection to evaluate the needle depth.
When approaching the thecal sac, it is recommended that the needle be rotated such that the bevel is parallel to the dural fibers (pointed toward the patient's right or left), to decrease the likelihood of PLPH, as showed in a randomized double blinded study with PLPH occurring in 3.8% of patients with the needle entering the thecal sac parallel to the course of the spine, compared to 22.6% of patients when the needle entering the thecal sac perpendicular to the spine (56) . This finding is corroborated in an earlier prospective study (57) . Although it was previously hypothesized that the dural fibers are oriented parallel to the course of the spine, cadaveric and histopathologic studies have shown that the dura-mater consists of collagen/elastic fibers arranged in several layers that do not demonstrate a specific orientation; they can be found in longitudinal, transverse or mixed orientations (58) . No difference was found in the size of the puncture hole between the two puncture methods in an in vitro study using 22G Quincke needle (59) . Thus, it remains unclear why the bevel orientation has such an effect on the incidence of PLPH.
Removing the needle
Many recommend removing the needle only after reinserting the stylet to reduce the PLPH incidence. In fact, a randomized prospective study reported PLPH in 5% of the patients who underwent LP with reinsertion of the stylet compared with 16.3% who underwent LP without reinsertion of the stylet (60) . Notably, the patients in this study had their LP performed with an atraumatic 21G Sprotte needle. As such, the American Academy of Neurology recommended reinsertion of the stylet before needle removal when a non-cutting type needle is used (39) . However, there is no similar study using the Quincke needle in the setting of FG-LP. A recent randomized study demonstrated that reinserting the stylet does not affect the rate of PLPH in patients who had spinal anesthesia using a 25G Quincke needle; comparing two groups consisting of 315 patients in each, the rate of PLPH was found 10.5% and 11.1% respectively (61) . As such, more randomized studies are needed to evaluate the effect of reinserting the stylet using Quincke needle. Some report that reinserting the stylet prevents the occurrence of a suction effect when removing the needle which might otherwise result in trauma or entrapment of nerve fibers, although there is no sufficient evidence to support these claims (7, 62) . At our institution, we err on the side of caution and reinsert the stylet before removing the needle. Needle size Usually, a 3.5-inch-long needle is sufficient for an FG-LP, although in patients with increased body mass index (BMI), a 5 or even 7-inch-long needle might be required. In small children and infants, needle lengths of 1-2 inches are preferred. Measuring the distance between the skin and thecal sac in prior cross-sectional studies can be very useful for selecting the needle length.
If a Quincke needle is used, the larger the needle diameter, the higher the risk of PLPH is (39, 63) . However, using the smallest needle is not always practical. The CSF flow might be significantly slower with a 25G needle compared to 22G, and it may substantially increase procedure time. While using a 25G or a smaller needle in a patient with low CSF-OP, obtaining 3-5 cc of CSF might take 30 minutes or more. Notably, smaller needles are more readily bent and deformed during FGLP. In fact, needle fracture within the interspinous ligament has been reported with a 27G Quincke needle (64). Carson et al. (63) evaluated different types of needles and their ability to measure the exact CSF-OP and their flow rates for an optimum LP in an in vitro model. Accordingly, needles smaller than 22G failed to reflect 90% of the actual CSF pressure; therefore they suggested the use of 22G or larger needles to measure CSF-OP quickly and accurately. The fastest and the most accurate CSF-OP reading was obtained using 20G Sprotte and Quincke needles, followed by 22G Sprotte, Whitacre and Quincke needles. According to their results, it takes about 2 minutes to obtain an accurate reading of CSF-OP using a 22G Quincke needle. Ultimately, the radiologist should decide which needle size to use depending on the patient`s condition. If a large amount of CSF is needed, or there is a condition that dictates quick termination of the procedure such as patient instability, a 20G needle might be preferred. On the contrary, if there is an increased risk of CSF leakage, one might consider using a 22G or 25G needle.
Needle types
Apart from the classical Quincke needle with a cutting tip, there are two "atraumatic" needles with a blunt tip, Sprotte and Whitacre, which are primarily used by anesthesiologists and neurologists. The Sprotte needle has been demonstrated to have a smaller dural puncture area compared to the Quincke needle (65) . Due to their "non-cutting" pen point geometry, these needles do not pierce the skin; therefore a separate introducer needle is needed to puncture the skin (Fig. 10) (8) .
Some neurology and anesthesiology literature recommends the usage of atraumatic needles based on studies reporting a lower PLPH incidence compared with the Quincke needle (8, 42, 66) . This recommendation is also supported by a more recent meta-analysis (67) . However, we approach this recommendation with caution. 22G Sprotte and Quincke needles were compared in a prospective randomized trial consisting of 115 LP patients (65) . PLPH was reported with incidences of 24.4% and 12.2% in the Quincke and Sprotte groups, respectively, and the PLPH incidence requiring an EBP was not evaluated. Also, the incidence of severe PLPH was similar in both groups (8.1% vs. 7.3%). In another smaller prospective study, 22G Whitacre and Quincke needles were compared in the setting of diagnostic LP (66) , with PLPH more commonly associated with the Quincke needle, although no patients underwent eventual EBP.
In another study comparing 22G Quincke and Sprotte needles, incidences of 22.4% and 8.5% PLPH were reported with median PLPH duration of 4 days and 1 days in the Quincke and Sprotte groups, respectively (68) . However, it is notable that the initial LP attempt in nearly 40% of the patients within the Sprotte group was unsuccessful, necessitating completion of the LP using a Quincke needle. The relatively high failure rate with the Sprotte needle in this study should be carefully considered when selecting the needle type. There is no data regarding the eventual need for EBP in either group.
Other studies have focused on image-guided lumbar punctures. PLPH incidences were compared in a prospective shows the leverage method, using the skin as a fulcrum. When the needle hub is moved in one direction, the needle tip tends to go to the opposite side. Panel (c) shows the finger fulcrum method. In this technique, the hub is pulled toward the intended direction of the needle tip. Then, the proximal portion of the needle is pulled to the opposite side with the other hand, curving the needle. In panel (d), the needle tip is easily directed from the skin entry point to its target. c a d b FG-LP study in patients who had myelography performed with 22G Whitacre or Quincke needles (69) . The rate of PLPH with the Quincke needle was 15.6% and with the Whitacre needle was 9.6% (P > 0.05). Notably, over 15% of patients in the Whitacre group had an unsuccessful initial attempt, and the myelography was therefore completed using a Quincke needle. Two patients from each group required an EBP. In a retrospective study of patients who underwent FG-LP with a 22G Whitacre, 22G Quincke, or 20G Quincke needle, the EBP rates were 4%, 15%, and 30%, respectively (70) . Although these results demonstrate a statistically significant decrease in the need for EBP following FG-LP with a Whitacre needle, EBP was performed in almost 10% of all patients after FG-LP. This rate is interestingly high compared with the study by Rodriguez et al. (25) , where PLPH was observed in 2.2% of patients undergoing FG-LP using either a 22 or 25G Quincke needle; and only 0.8% of all underwent an EBP.
In summary, there appears to be a lower likelihood of PLPH with atraumatic needle usage. However, the initial procedural success rate with these atraumatic needles is reportedly inferior relative to the Quincke needle and may result in a need to switch needle types. Of course, operator experience and familiarity with these needle types play an important role in needle selection. Furthermore, the many other technical considerations discussed herein play a key role in ensuring a successful FG-LP beyond simply the needle type.
Measuring CSF-OP
Plastic tubing can be connected to the needle after observation of CSF in the hub. Then, a stopcock and manometer are attached to the other end of the tubing. The tubing is maintained in a horizontal position. During measurement, the patient is encouraged to relax and breathe normally. One should wait until the meniscus stops rising within the manometer and only respiratory fluctuation is apparent. If the patient is in the prone, the manometer is kept at the level of the needle hub and the needle length is added in centimeters to the manometer measurement. In the lateral decubitus, the manometer is kept at the same level as the needle, and the measurement on the manometer is directly recorded.
According to a survey, of the radiologists performing the FG-LP with the patient in the prone position, 72% prefer to measure the CSF-OP in prone, while 28% prefer to rotate the patient to the lateral decubitus to measure the pressure. Interestingly, 21% of those who measure the pressure in the prone, do not add the needle length to the manometer measurement (1), which might lead to a significant underestimation of the CSF-OP.
Schwartz et al. (6) investigated the effect of patient position on CSF-OP measurement. They reported a statistically significant difference of mean CSF-OP values between prone and lateral decubitus positions. They also stated that the prone position resulted in an overestimation of the pressure, concluding that measurements should be performed in the lateral decubitus position. However, the mean difference between the two groups was only 2.7 cm H 2 O. In another study by Abel et al. (71) , a mean difference of 1.2 cm H 2 O was reported between two similar groups, and it was neither statistically nor clinically significant. The demographics between these two studies are notably different. In the study of Schwartz et al. (6) , there were more patients with normal CSF-OP. In the study by Abel et al. (71) , there were more female patients and patients with abnormal opening pressure, mostly due to a high rate of idiopathic intracranial hypertension. Even though there were more patients with a higher opening pressure in the study of Abel et al. (71) , the patient position did not affect the results. Based on their results, the patient position generally does not have a significant effect on the CSF-OP measurements which can impact the clinical course.
Radiation dose
Fluoroscopy time is a variable, largely affected by operator experience. Additional contributors to a variable fluoroscopy time are the patient's BMI and ability to remain still throughout the procedure. Even in patients with an average BMI of 29 kg/m 2 who underwent FG-LP, a mean effective radiation dose of 2.9 mSv (0.54-8.19 mSv) was reported (72) , which is roughly the equivalent of two spine radiographs, one intravenous pyelogram, or one year of natural background radiation (73).
Nerve injury
Many patients ask about the likelihood of periprocedural nerve injury. 
Some practical points
A few maneuvers may hasten free CSF flow: putting the patient in the reverse Trendelenburg position; Valsalva maneuver or coughing; or rotating the patient from the prone to lateral decubitus position. However, good CSF flow may not be achieved in some instances despite implementation of these maneuvers. The needle tip may indent the anterior dura-mater or an adjacent nerve root might obstruct the flow into the needle. In those instances, rotating the needle 90-180 degrees might improve CSF flow. If that does not help, consider reinserting the stylet and gently withdrawing or advancing the needle by 1-3 mm.
With atraumatic needles, the needle holes are at the lateral margins of the needle rather than at the tip. Even if the needle tip is located centrally within the spinal canal, it may simply be displacing the dura anteriorly and require further advancement to pierce the dura to enter the subarachnoid space. If the location of the needle tip is uncertain, a small amount of contrast might be injected to better determine the location of the needle tip, although this may impact the results of CSF cultures as some forms of iodinated contrast are bacteriostatic or bactericidal.
Aspiration of CSF with a syringe is not routinely recommended unless the flow is particularly slow and other maneuvers to hasten flow have been unsuccessful. Based on experience, even gentle aspiration occasionally results in pain, presumably a result of the negative pressure pulling a nerve up against the needle. Also, while aspirating, it is not uncommon to lose CSF flow due to presumed plugging of the needle tip by a nerve or arachnoid membrane. The effect of syringe size during aspiration has also been evaluated. The strength of vacuum generated with aspiration is solely determined by the volume displaced by the plunger for all syringe sizes and not directly related to the cross-sectional diameter of the plunger (74) . Larger syringes can thus generate a greater maximum vacuum than smaller syringes due to a larger potential for volume displacement. That means whether you use 3 cc, 5 cc or 10 cc syringes, if you pull the plunger back by 2 cc, the vacuum effect would be the same in all syringes. However, we should note that pulling the plunger of a smaller syringe is easier. Lastly, even if you do everything right, there will be rare occasions that you may not get a very good CSF flow. At those times, it is best to restart the FG-LP at a different location, usually at a different spinal level.
Postprocedural assessment
The puncture site is cleaned, and a sterile bandage is applied. At our institution, the patients are typically monitored with bedrest for 1 hour. Discharge instructions include avoiding excessive physical activity, preferably resting as much as possible for the remainder of the day, ensuring adequate hydration, and avoiding submersion of the puncture site in water (e.g., bathtubs, pools). Nonsteroidal antiinflammatory drugs can be considered to treat headache. Patients are informed of the signs and symptoms of CSF-leakage, infection, and hemorrhage, such as positional headache, gradually increasing back pain, new onset of neurologic symptoms, or fever, and instructed to call for further evaluation if needed.
Conclusion
With an appropriate degree of experience and familiarity with the evidence described above, it is possible to develop a standard FG-LP technique while employing techniques intended to decrease the likelihood of associated complications and optimize patient outcome.
